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PMWACZ

Mie nLlitwy requirments for protective constuetion hae in

recent years been most demwing since they Include "blast hardened"

designs. Mis in my cases mews putting the construction deep under-

goumd.and sets up reqmrn ts for information on the behavior of blast

veves in confined region such as tanels and chers.

Me bock Tube Facility at the Balistic Research Iaboratories (ML)

endeavwed to obtain information on the behavior of blast waves in tonnels

and cumbers b7 instrenting models of simple tunnel configorations with

pieso electric gages and subjecting the models to the blast we from

shock tubes. Data vere obtained from models attached to the 24" circular

tube, the V& x 15" rectangular tube, and the high presse tube. This

report contains a compilation of the test results.

Work in this field is still in process at SL and for that reason",

there vill be spplements to this report. fe mawe recent efforts are

prlmrily directed toverd establishing information for hi h resinse

regions.
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NOTTON

a Ambient sound velocity

a2  Sound velocity behind the shock front

S  Bond velocity in the region of reflected shock pressure

A Area (the cross-sectional ores of a tunnel)

C A frnction eqwl to (ft psi/sec) which will be defined furthqr
in Section T.1.2

D Diameter (the dismter of a tunnel)

h Beight

K A function necessary in the calculation of the atteaastion
in a tunnel wbich vil.1 be defined further in Section 5.1

Pa Incident shock overpesure

Pt Shock overlwessure after interaction
aP

Pstag Stagetion overpessure

Pt ShMck ov esme at time t

P ahook overpressue in a tunnel after a travel of x distance

P1 Ataospheric pressure

P Overyessme in a cbmaber

P5 Reflected shock overpreseme

P2, Absolute shock ratio

r haiU of a tunnel

R iatdus of a reflecting area around a tunnel entrance

S Perimeter of a cross section of a tunnel

t Time

u Particle velocity behind a shock wave



U Shock front velocity

U Velocity of reflected shock wave

V Volume (the colume of a chamber)

x Distance along a tunnel

Angle of incidence

0 A constant used in calculation of attenuation equal to 0.13 sec/ft

Total positive phase duration of the shock wave
0

Time intercept of the incident wave

Effective time intercept presented to the remainder of a

tunnel at a junction

'' Effective time intercept presented to the side-on tunnel at a junction



1.1 ObJective

The information contained in this publication is assembled

to provide designers of protective construction with Informtion that

vill aid them in determining the pressures which my be expected in

tunnels and tnel systems as a result of a bomb burst exterior to

the tannel.
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1.2 Iwout of Report

Mhis report is presented in a mer conducive to diate

use by the design engineer. The curves in the body of the report are

presented in tww of overpressure based upon an assumed atmospheric

pressure of 14.7 psi. A section of this chapter discusses the method

to be used in converting the curves to pressure ratios so that the

information presented can be applied vhere the atmospheric pressure

is other than 14.7 psi. Sectioa 2 of this report deals with basic

blast phenomena and contains sufficient information for a proper in-

terpretation of the material in the report.
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1.3 Precautions

1.3.1 idmitations of Data

The majority of curves in this report are based on

experiments conducted at the BM. Shock Tube Facility. In some cases,

where a need for informtion exists and the experimental work has not

begun, theoretical curves are presented. In most cases supplements to

this report will show data to substantiate curves based on theoretical

considerations.

As stated earlier, data were obtained using the family

of shock tubes at the BRL and this of course means that all data were

obtained on models. There is no evidence to cast any doubt about

using these data for prototype conditions, in fact, there is some to

support it, (See Section 1.3.4).

The curves presented show input pressres between 10

and 1000 psi. For the input pressures above 35 psi data were obtained

on either the high pressure shock tube or the 4 x 15" shock tube. On

the latter the expansion chamber was evacuated and data obtained from

equivalent shock strengths.

The cmuves dravn through the experimntal data were

constructed merely to show the trend of the data and for that reason

ma be extrapolated to some degree. The reader is urged to consider

the scatter in the data points when makin a reading from the curve.
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1.3.2 Wave Form

Effective application of the methods presented in this

report depend greatly upon the accuracy to which the assumed upper limits

of pressure and rave duration fit the true expected wave form. This then

necessarily leads to a requirement for target analyis based on probable

bomb yield, ground range, height of burst, orientation and ground surface

condition.

In this report it is assumed that only the applied free

stream pressure, ave form and flow direction in the immediate vicinity

of the target is given. It is also assumed that the shock is free from

an loading of foreign matter and that the shock is classical In nature.

The discussions contained herein will apply mainly to shock waves that

are free from any anomalies vhich might arise from intense pre-shock

thermal radiation.

Such restrictions must be placed on the use of this data

because the data were obtained under classical shock condition. However,

there are other factors and bits of information which when considered as

a whole, make the anomalous wave shape not quite so undesirable.

For instance, shock tube experiments shoy that a

couiresional wave tends to become a shock when the driving force is

sustaInin . This means that only the entrance conditions (Chapter 3)

vould be effected by a precursor type wave, since once the ave is in the

tunnel and has traveled some distance it will shock-up. Outside of the"

tunnel complex the non-ideal wave form is a very good possibility. It

should ork to the designers advantage for side-on orientations because

1-4



hi_--~ speed flow over the tunnel entrance have a greater resistance to

tamning. In the face-on case it will be a disadvantage in that one sa

expect higher pressures initially in the tunnel. Figue 3.2 has a

dashed-in cm-fe which may be used for predicting pressures when Iwe-

cursors5 are 'expected.



1.3.3 Wave Duration

The durations of the shock waves used to obtain the experimental

data presented were in all cases very long and exhibited a step (or constant

pressure) wave form for a time in excess of the times required for a shock wave

to undergo the changes that were measured. This constant pressure shock wave

is equivalent to an infinitely long shock wave and hence will give an over-

estimate of the true pressure when compared to a classical shock wave. The

classical blast wave will, for the purposes of selecting a standard for this

report, decay with time according to Friedlanders equation which is expressed as?

P = P (1 -t t/-- - ) e t/ •

0

This means that at any given time during the passage of the shock wave the pressure

will be less than the step shock wave. For very high pressures the above equation

is not a good approximation because the decay rate is quite high. As stated

earlier these factors produce errors in predicted pressures but they favor the

designer since they indicate higher pressures than will be realized. The relation-

ship T > - may be used as a guide line for determining when these data may
0 a1

be used without introducing an error of greater than 5 per cent. This will apply

when the Friedlanders curve approximately fits the predicted wave form.
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1.3. Full Scale Verification

The paucity of full scale data makes it inossible to

state vIth certitwue, that all the scale mdal data presented bere

can be substantiated by a full scale test. Test data ere presented

on tunne sizes from T/8" to 22 1/2" but the large gap frm these,

to dienslons of the order of 20 feet may cause some concern. It

should be stated here, that there is no reason to believe that a

large chae in the scale factor will effect the data presented,

however efforts are being nade to conduct tests on uch larger models,

so that a wasure of certainty can be obtained.

On a recent field test, a 4 ft. dimter vanne was

exposed to the blast from 100 tons of 2T. The measured data sub-

stantiates, in part, the tunnel attenuation data presented in Chapter 5.

1-7



1.4 Conversion of Curves

2rougimt the body of this report the curves ere plotted

as a function of shock overpressure based on the standard atmospheric

pressure of 1T.7 psi. In some instances vhere it is desirable to

apply these curves to erpermients or to design for construction under

extreme conditions or high altitudes, it will be beneficial to convert

these shock overlwessures to absolute shock ratios where ambient

pressure is taken into consideration.

It is suggested that for atmospheric pressures of 13 psi

and below, the shock overpressnres presented herein be converted to

absolute presswe ratios for coqirison to local conditions. Absolute

shock ratio is defined as being (P9 + P1 )/P 1. The symbol comonly used

to desigate the absolute pressure ratio across the shock front is P2 1 .

In order to convert the pressure axis of the curves pre-

sented in this report to P2 1 , the individual values of overpressure, from

the pressure axis, should be added to the standard atmospheric pressure

of 11.7 psi and these values should be divided by the same atospheric

pressure of 11.7 psi. These values should then replace the values of

shock overpressure nov found on the curves. It should be noted that

for a shock overpressure of zero, P2' vil bave the value 1, and that

all absolute shock ratios vill be greater than 1.

Since it is decidedly easier for the individual to think

in pounds per square inch of overpressure than in absolute pressure

ratio, it is felt that for ease of understanding, the conversions to

absolute pressure ratio should be performed only for those conditions

previous4 mentioned.
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2. BASIC BlAST PMOMNO&

The interpretation of the material within this report requires some

knowledge of the basic blast phenomena and this chapter is designed to

satisfy that requirement. The reader is referred to the "Effects of Nuclear

Weapons"* for a comprehensive treatment of the phenomena.

* "The Effects of Nuclear Weapons", Washington 25, D. C. : Department of the

Army Pamphlet No. 39-3, May 1, 1957.
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2.1 .he Shock Wave

2he violent release of thermal enerS in a gaseous medium gives

rise to a sudden pressure increase in that medium. This pressure

disturlance, termed the shook wave, is the rise from the ambient 3pessure

to the peak value in a time of the order of 10- 8 seconds. Mhis pressure

Jui or shock front travels radially from the burst point, with a dimin-

ishing velocity vhich at all times is in excess of the sonic velocity

in the medium tbrough vhich the shock is travelling. The gas molecules

makin up the wave move at velocities less than that of the shock front.

Both of these velocities, that of the front and that of the s, are

functions of the man itde of the pressure. Curves showing the rela-

tionship between shock front pressure, the velocity of the shock front,

and particle velocity are shown in Figure 2.1. The relationships shown

in Figure 2.1 are independent of the m ntude of the explosion, however,

the distance from the explosion at vhich any pressure or velocity is

obtained is a definite function of the magnitude of the explosion. The

magnitude of the explosion governs the time -interval between the initial

pressure jump and the return of p;ressue to atospherie pressure. This

interval is termed the positive phase duration and is generally referred

to as *duration". The Urger the explosion, the greater the duration and

hence the greater vill be the distance that the shock wave will travel.

Mbe positive phase of the wave is followed by the negative

phase which is aproximately 5 times the duration of the positive phase.

The negative phase is characterized by a pressure below the pre-shot

atmospheric pressure and a reversal of the particle flov. This in a

relatively w portmnt phase of the blast rave.
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A shock wave is normally identified by its peak pressure and

duration. Mie term peak pressure is used synonymously vith, incident

pressure, side-on pressure, or shock overpressure and it refers to the

static component of the blast wave. Since the blast wave is moving any

attmpt to measure the side-on component is complicated by dynamic effects.

A pressure sensing device positioned side-on to the wave will, for all

practical purposes measure the side-on component, however, a sensor at

angles to the wave will receive some pressure component resulting from

the motion of the pressure field in addition to the side-on component.

When the shock wave path is altered by some rigid obstruction, the shock

wave is diffracted about the obstruction. The pattern of such a dif-

fraction consists of reflection, stagnation, rarefaction, and copression

waves•
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2.2 Reflected Pressures

When a shock wave impinges on a rigid surface oriented 90 degrees

to the direction of propagation of the wave, a reflected pressure is

instantly developed on the surface. The magnitude of reflected pressure

is about twice the incident pressure for weak shocks and approaches a factor

of greater than 8 times the applied pressure for very strong shocks. Figure

2.2 shows the relationship between reflected and incident pressures. The

reflected pressure is important because of its magnitude and rate of

application.

In a closed tunnel system the shock wave that reflects from the

blind end of a tunnel must pass back through itself. Its duration then

will be a direct function of the duration of the incident wave. In an

open system, one which permits flow around the edge or edges of a reflector,

the duration of the reflected pressure is controlled by the size of the re-

flecting surface, provided of course, that the duration of the wave is long.

The high reflected pressure seeks relief towards the lower pressure region.

This tendency for equalization is satisfied by the propagation of rarefaction

waves from the low pressure regions to the high pressure region. These rare-

faction waves travel at the velocity of sound in the medium. The duration of

the reflected pressure will be quite small on small targets even though the

total wave duration may be long. Reflected pressure is thereby reduced to the

stagnation pressure by the action of the rarefaction wave.
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2.3 Stagnation Pressure

Once the shock wave has encountered the normal reflecting surface,

and the reflected wave has been relieved, stagnation pressure exhibits

itself on the reflecting surface, This pressure is a result of the air

particles coming to rest on the reflecting surface and transforming the

dynamic momentum of air particles to static pressure. The resulting

pressure region will be sustained as long as there is flow and its

magnitude will be a function of the flow velocity and density. A curve

showing incident shock overpressure versus stagnation overpressure is

shown in Figure 2.3. It can be shown then that by far the majority of

impulse delivered to a small target by a long duration wave is contributed

by stagnation pressure. It should be noted here that while stagnation

pressure may be exerted on the reflecting surface of an object, the rear

surface (back side of a wall) has a distinctly lower and different pressure

pattern. The net force on the reflector will be the difference between

the face-on and rear-on forces. This difference is often called the drag

force.
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2.4 Drag Force

The drag force can be defined as that force which tends to translate

an object immersed in the air stream of a shock wave. This is actually the

vector sum of the two forces; the tangential force resulting from the surface

friction and the normal or pressure force. For the purposes of this report

the latter is of primary concern and can be considered the resultant force

between the front and rear surfaces of the target. The governing parameters

for the drag force are the velocity of the air particles, the density of the

air stream, and the shape of the target. One can roughly approximate the

drag force by neglecting the shape of the object and taking the difference

between the force on the front which results from stagnation pressure and

that on the rear, which is assumed to be side-on pressure.

When the shape of an object is neglected, one assumes a drag coefficient

of 1. This coefficient is a number which relates the shape of an object to

the flow field in which it is immersed. It is obvious that in streamlining

a target the pressure distribution about the target is greatly altered and

hence cause* two objects with the same frontal areas to exhibit different

resistant forces.
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2.5 Sound Velocities Associated With Shock Waves

As stated earlier the curves in this report are plotted as a function

of shock overpressure based on an atmospheric pressure of 14.7 psi. It was

also necessary to assume a sound velocity in the medium through which the

shock is traveling since this parameter also effects the shock wave behavior.

The curves in this report are based on a sound velocity of 1117 ft/sec.

In order to perform certain of the manipulations of shock waves presented

in later sections of the report, it will be necessary to be aware of the

sound velocities associated with various parts of the shock wave. Figure

2.4 and 2.5 are plots of the sound velocity behind the shock front and

sound velocity behind the reflected shock front as a function of shock overpressure

and reflected shock overpressure respectively.
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2.6 Velocity of a Reflected Wave

When a shock wave reflects and passes back through itself the pressure

of the reflected wave is as shown in Figure 2.2. The velocity of this re-

flected wave is plotted in Figure 2.6 as a function of the incident wave.
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3. SHOCK ENTRY IMTO TUNNEXS

3.1 The Face-On Tunnel

The orientation of a tunnel entrance plays a major part in determining

the strength of a shock wave that is propagated through the tunnel. Also the

geometry of the area in the vicinity of entrance influences the shock trans-

mitted into the tunnel. For instance, for the face-on case, if a tunnel has

a large reflecting area surrounding it such as a tunnel in the face of a

large sheer cliff, a long duration reflected pressure will exist on the surface

in the region of the tunnel entrance when a shock wave is incident upon the

cliff. This reflected pressure region enhances the shock wave that is propa-

gated into the tunnel. On the other hand a thin wall pipe with its entrance

facing the blast would merely confine the shock wave to a one dimensional

expansion after it enters the tunnel. The pressures transmitted in a tunnel

for the two extremes in entrance condition are quite different.
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3.1.1 Effect of the Reflecting Area

3.1.1.1 The Large Reflecting Area

When a shock wave impinges on a tunnel surrounded by a

large reflecting area, the new shock formed in the tunnel is stronger than

the applied incident wave. Some time is required to form the new shock to

this increased value and this time is a function of the diameter of the tunnel,

the incident shock pressure, and the area of the reflecting surface. The area

of the reflecting surface and the diameter of the tunnel are the determinates

for the thickness of the reflected pressure region. A large ratio of reflecting

area to tunnel area will produce a reflected pressure region sufficient in size

to permit the shock to form without noticeably affecting the reflected pressure

zone.

When the reflecting area is not large enough to sustain

the reflected pressure until the new shock wave is fully developed in the tunnel,

the formation distance will be shorter, yielding pressures less than those re-

sultig from the larger reflecting area. When the reflecting surface is limited

in extent, a rarefaction from the outer edge of the surface will reduce the re-

flected pressure and the maximum possible transmitted pressure.

Figure 3.1 shows a reflecting surface, tunnel combination

where the reflecting surface is considered large. The tunnel is instrumented

with pressure-time gages. The gage position close to the entrance indicates

the incident pressure of the applied peak pressure wave and as the wave progresses

down the tunnel the peak pressure increases. It maximizes at a distance of

about 10 diameters and then begins to decay. Pressure-time curves at the posi-

tions close to the orifice show a complex wave form that comprises both the inci-

dent wave form and some of the higher pressure of the reflected zone. The distance
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required for these two pressures to coalesce and form the maximum shock is con-

sidered the formation distance. BRL experiments to date indicate this distance

to be between 5 and 10 diameters. For the purpose of establishing continuity

of design criteria it is suggested that the assumption be made that the pressure

in a tunnel will maximize at a distance of 10 tunnel diameters from the entrance

or other disturbing condition. This factor should be considered when designing

tunnels.
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3.1.1.2 Pressure in the Face-On Tunnel With a Large Reflecting Area

When a shock wave is face-on to a large plane surface of a

tunnel entrance, the newly formed wave enters the tunnel and builds to the maximum

pressure in 10 diameters down the tunnel. A curve showing this maximum pressure

as a function of the incident pressure can be found in Figure 3.2.

In the event that an anomalous wave shape is predicted

for the face-on condition it is suggested that the dashed curve in Figure 3.2

be used to predict the pressures in the tunnel.
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3.1.1.3 The Small Reflecting Area

When a reflecting area (baffle) is not large enough to

sustain the reflected pressure until the new shock wave is fully developed

in the tunnel, the shock formation distance will be shorter, yielding pressures

less than those resulting from a large reflecting area. When the reflecting

surface is so limited, a rarefaction from the outer edge of the surface will

reduce the reservoir of reflected pressure to the extent that the maximum

possible transmitted pressure will not be achieved.

Figure 3.3 shows curves which may be used to predict the

maximum shock pressure developed in a tunnel for several baffle-tunnel radii

ratios. It should be noted here that for a baffle-tunnel radii ratio of one,

that pressure transmitted into the tunnel will be the same as the incident shock

wave since no baffle or reflecting area exists to cause wave interaction. It

might also be mentioned that for an infinite baffle-tunnel radii ratio, Figure

3.2 will be applied as the upper limit of Figure 3.3.
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3.1.2 Guide Lines for Predicting Pressures

Guide lines for the valid use of the curve in Figure 3.2 are

set out as follows:

a. The distance between the periphery of the tunnel and the edge of the

reflecting surface should be at least two tunnel diameters. If the tunnel is

not in the center of the reflecting surface, then the distance to the nearest

relieving edge will determine the relief time of the reflected pressure and

the resulting maximum tunnel pressure.

b. Any rigid surface capable of withstanding the reflected pressure can

be considered a reflecting surface, and unless the surface has a roughness with

perturbations comparable in size to the tunnel diameter, it can be considered

smooth.

c. The conditions for input wave duration as outlined in Section 1.3.3

should be adhered to. An approximate figure for valid use of the curve however,

is a duration where T > 50_D . If the duration of the applied wave is less0 a1

than 50_D then pressures less than those predicted from Figure 3.2 will be
a1

obtained.
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3.2 The Side-On Tunnel

3.2.1 The Tunnel Side-On to a Shock Wave

When a shock wave approaches a tunnel so that the tunnel axis

is 90 degrees to the direction of travel of the applied shock, the shock wave

propagated in the tunnel will be less than the incident shock wave. The driving

pressure here for the new shock wave is the incident pressure of the applied

shock.

A verticle shaft in the earth, over which the shock wave travels,

has a very large shocked air volume on the surface of the ground to drive the

new shock and the shock in the tunnel will maximize as a result of this. The

curve in Figure 3.4 will enable one to predict the new shock pressure in the

side-on tunnel when the applied shock pressure is known.

It might also be pointed out that the case of a tunnel side-on

to a second tunnel, where the first tunnel is very large compared to the one in

question, may be considered as being a tunnel side-on to a shock wave traveling

along the surface of the ground. In this case also, the pressure transmitted

into the tunnel may be found from Figure 3.4 when the pressure in the large tunnel

is known.
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3.2.2 Exceptions for the Side-On Tunnel

When a tunnel is side-on to the incident shock wave but close

enough to a large reflecting wall for the reflected pressure region to exist

at the entrance to the tunnel, the entrance condition is, for all practical

purposes, the same as the face-on case, and Figure 3.2 should be used for

predicting the transmitted pressure. Figure 3.5 (a) and (b) shows a sketch

of entrance configurations of this type, and the idealized pressure time curve.

When the distance from the tunnel to the wall is equal to or less than the

height of the wall as shown in sketch (a) one may assume the reflected condition.

The effect will be a transient one because the reflected wave dissipates quickly.

In this case the transmitted wave will be initially complex,

since it contains components of both the incident and the reflected waves (see

Figure 3.5 (b). The interval between the two peaks shortens with time and will

depend upon the incident pressure, the distance from the tunnel to the wall, and

the distance the transmitted shock wave has moved down the tunnel. Finally they

will coalesce to form one shock.
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3.3 The Oblique Tunnel

When a shock wave impinges on a tunnel entrance, surrounded by an

infinite baffle, at angles other than 0 and 90 degrees the pressure transmitted

into the tunnel can be predicted from Figure 3.6. The values obtained at 0 and 90

degrees from Figure 3.6 will be the same as those obtained from the face-on and

side-on conditions respectively (see Figures 3.2 and 3.4).
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4. TUNNEL JUNCTIONS

The intersection of one or more tunnels is termed as junction. Here the

shock wave in the main tunnel generates shock waves in the secondary tunnels,

This section presents experimental data which show the pressures which may be

expected downstream of particular tunnel junctions, Throughout this section

the term primary tunnel refers to the tunnel in which the shock conditions

are known. The tunnels after a junction will be known as secondary tunnels.
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4.1 Side-On Tunnel Junctions

4.1.1 The Tunnel Side-On to an Equal Area Tunnel

When a tunnel joins an equal area tunnel at 90 , the curve

shown in Figure 4.1 should be used to predict the pressure in the secondary

tunnel. Note that the pressures predicted from this curve are less than

those shown in Figure 3.4 where there is essentially an infinite supply of

air at the entrance of the tunnel.
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4.1.2 The Tunnel Side-On to a Tunnel of Larger Area

As of this writing, no complete information can be presented

in answer to this problem. This information is now being gathered and will

be presented at the earliest possible time. It however is worthy of mention

at this time that as an upper limit in the case of a small tunnel side-on

to an extremely large tunnel, Figure 3.4 may be used to predict the pressure

developed in the secondary tunnel.
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4.2 The Pressure in the Primary Tunnel After a 90 Tunnel of Equal Area

Figure 4,2 can be used to predict the pressure in the primary tunnel

after its intersection with a secondary tunnel which has an axis perpendicular

to the axis of the primary tunnel.
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4.3 The "T" Junction

Figure 4.3 shows a curve which may be used to predict the pressures

that are obtained in the two secondary tunnels of a "T" configuration, when a

shock wave is directed down the stem of the "T".
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4.4 The "Y" Junction

Figure 4,4 may be used to predict the pressures in the two secondary

tunnels of a symmetrical "Y" tunnel configuration.
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iL5 The "Cross" (+) Tunnel

Figure 4.5 shows the pressures which may be expected in the secondary

tunnels of a cross, The figure shows two curves; one for the tunnels which have

axes perpendicular to the primary tunnel and one for the secondary tunnel which

is an extension of the primary tunnel, through the junction.
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5 THE ATTENUATION OF A SHOCK WAVE IN A TUNNEL

When a peak shock wave travels through a tunnel the overpressure of the

shock front will attenuate due to the one dimensional expansion of the shock

wave and because of viscous interaction between the shock wave and the tunnel

wall. The one dimensional expansion is governed by the wave shape, and the

decay due to viscosity effects is a function of the roughness of the tunnel

wall.

This chapter presents a theoretical equation which can be used in

determining the attenuation in a tunnel, and the equation has been reduced

to a nomograph so that problems can be readily worked. It should be applied

only to smooth wall tunnels, however, because it is based on experiments with

smooth wall pipes. When this equation is applied to rough wall tunnels it

will predict an over estimate of the pressure.
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5.1 Predicting the Attenuation of a Shock Wave in a Tunnel

In order to predict the attenuation of a blast wave, a time intercept

(T) must be determined. This would most effectively be accomplished by con-

structing a pressure-time curve of the blast wave in the tunnel and drawing a

tangent to the profile immediately behind the shock front. The time interval

between the front and the intersection of the tangent line with the base line

(atmospheric pressure) is the time intercept, (Figure 5.1). In the event that

this wave shape is not available, the T for the shock wave before entrance into

the tunnel may be used.

The pressure in the tunnel at the start should be given in Chapter 3.

In addition, the perimeter of the tunnel, S (ft), the cross-sectional area of

the tunnel, A (ft 2), the distance the shock wave is to travel in the tunnel, x

(ft) and the value of the constant, K, which is a function of the overpressure

of the shock wave determined from Figure 5.2, must be known.

Substituting these known parameters into the equation

= Ps exp - + pEq5.
x [ + x ( j

1l 7P1 + 6P s

and solving the equation for P5  gives the pressure remaining after a travel
x

of x distance down the tunnel.
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5.2 Predicting the Duration of a Shock Wave in a Tunnel

When a shock wave passes down a tunnel, viscous effects act on the

wave in such a way as to decrease the slope of the wave immediately behind the

front, This is a result of the dissipation of kinetic energy toward the rear

of the wave, and hence it cannot contribute to the support of the shock front.

Therefore, the actual pressure-time profile, measured at a point otber than the

entrance, shows a larger time intercept than what should be used to calculate

attenuation due to expansion alone.

After an attenuation due to travel of the shock wave down the tunnel,

there will be two time intercepts associated with the shock wave. One of these

time intercepts will be that presented to the remainder of the straight uniform

tunnel, and the second will be that presented side-on to any sort of tunnel

junction.

The time intercept presented to the remainder of the straight uniform

tunnel, T' , will be that obtained from the equation

= T + P1 Eq. 5.2

T' = T + a (1 - _ _T1 7P, + P

The time intercept presented side-on to any type of tunnel junction,

" will be given by

1 1 (/2)(P s)

SD(Pl Eq. 5.
x

where O = 013 sec/ft,, and P is the pressure at x from equation 5,1.
x
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5.5 Determining the Attenuation in a Tunnel From a Nomogram

Figure 5.3 is a nomogram that can be used for the determination of

the pressure remaining after the shock wave has traveled down a tunnel for a

given distance. Directions for the use of this nomogram are given in Figure

5.3. When using the nomogram for the determination of attenuation, the limit

of the input parameters should be kept in mind. The limits are: P from 10

psi to 1000 psi, x from 10 feet to 1000 feet, T from .5 sec. to 5 sec. and the

diameter of the tunnel from .5 feet to 30 feet.

When the tunnel to be considered has a round cross-section the nomo-

gram can be used directly, but if the tunnel has a cross section other than

circular, the use should be modified as follows. Rather than using Step 5 of

the directions involving scales F and G, the value of LS for the tunnel should
A

be used as the value of scale G and the directions followed as usual from Step 6

on,

Since the distance scale on the nomograph is a maximum at 1000 feet it

will be necessary to treat very long tunnels in 1000 foot intervals and when

this is the case use Equation 5.2 for computing a new time intercept for the new

increment. A simple calculation has been made on the nomogram using the input

parameters indicated on the work sheet and the values of this sample are also

indicated on the work sheet.
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1. Determine the values of the input shock overpressure, the time intercept of the input shock wave,
the diameter of the tunnel and the distance the shock wave is to travel in the tunnel. Record
these values with the proper units in the appropriate places on the work sheet.

2. Locate the values of the input shock overpressure and the travel distance on scales A and B
respectively. By placing a straight edge along the values on scales A and B, read the indicated
value on scale C. Record this value on the work sheet.

3. To the value read from scale C add the value of the time intercept and record the sum on the work
sheet in the space indicated as scale D.

4. Locate the value of scale D on its respective scale and read the corresponding value from scale E.
Record this value on the work sheet.

5. Locate the value of the tunnel diameter on scale F and read the corresponding value on scale G.
Record this value from scale G on the work sheet.

6. Add the values from scales E and G and record the sum on the work sheet in the space indicated as
scale H.

7. Multiply the travel distance by 0.00011 and enter this on the work sheet in the space indicated as
scale I.

8. Locate the values of scales H and I on their respective scales. By placing a straight edge along
the values on scales H and I read the indicated value on scale J. Record this value on the work
sheet.

9. Divide the value of the input shock overpressure by the value on scale J and record this value on
the work sheet as P , the pressure remaining after a travel of x distance down the tunnel.

x

1000

900
-800 H

700 To-

i 600 6- 60-
I C" "F G"

4 5005 -- .2 50-
.2 "30

400 4 40

-3 20 -

.300 3 3010: 2 I000
-- .06 -.4 -- 400

- 200
--. 05 10- 3  100

I008 -- .04 2002 82 -4 20- 50
200 " .03.6 6-" 30

10 0 - 0 2 .7 6 1 I 1

75' .8 5 6



1000

-800 H
D E +

-700 70-

600 F G 645005--.2 * 50-
.2030

-400 4 40-

- -- 20

300 3- 30-
.08 2

A .06 -1000A .06 .4400
.05 10 200

3 100
1008 - .04 -2002--.5 20 520 -:.03 .6 a 30 4

00-m---6 6 5 10.1
100 - .02 -. 7 5.1

7:.8a 6
50 4 7

50 a9 3.0 0
40.11001- 10 3 9 10.0

30 - .008 90 .9:-1 9 .09

.006 80 .8- 8 2.0 .08
20 .005 70 .7- 7 1.6 .07

-. 004 - 201.5.04 60 .6- 6- 1.4 -. 06
.003

50 .5 2.0 5- 1.3 -. 05
10 .002 1 30 1.2

-40 .8 40 4- 1.15 .04

.001 .6 501.10
.0008 30 .5 1.08 -0

- .0006 - 1.06

.0005 
1.05

.0004 -20 2- 1.04 -. 02

1.03

1.02

L10 I 1.01 -. 01

FIG. 5.3- NOMOGRAM FOR DETERMINING THE ATTENUATION OF A SHOCK WAVE
TRAVELING IN A TUNNEL.
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WORK SHELI

Input Shock Overpressure, psi -- 100--- ---

Travel Distance, ft.--------------- 1000--- --- ---

Time Intercept, sec.---------------- 1 ---- ----

Tunnel Diameter, ft.---------------- 10--- --- ---

Scale C-------------------------- 0.14--- ---

Scale D-------------------------- .1J4--- ---

Scale E-------------------------- 0.95--- --- ---

Scale G-------------------------- 2.80--- --- ---

Scale H--------------------------53.75--- --- ---

Scale I-------------------------- 0.11--- --- ---

ScaleJi--------------------------- 1.48--- --- ---

P5s , psi.-------------------------- 67.8 --- -- --
x



6. AMh CX* IN 21M

As might be expected, Ven a shock wave travels trough a section

of transition in a tunnel, it vill experience some clang. due to the

transition. This change, either an increase or decrease in the shock

pressne will depend upon the nature of the transition and also upon the

extent of the transition. At present the experimental data on area

cblages is very limited ltvever experiments are In pocess so new

iormitIon is forthcomin.
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6.1 Area Increases in Tmnnels

A shock wve passing tbrough an area increase in a tunnel under-

goes a decrease in presave. For a long duration or step incident wave.,

the tmnsmitted rave is altays peaked close to the area change, but after

several diameters of the new increased area, the wave tends to flatten

out. In all cases, the strength of the wave decreases after passing into

a larger area tunnel.

If the flow behind the incident wave is initially supersonic,

that is, greater than about 56 psi, a shock is transmitted and an pstrms

facing shock form in the transition section. This shock either stands

in am prt of the transition section or is swept downstream into the

larger area tm.al, depending on the area ratio and the strength of the

Incident wave. pe Wstresam facing shock formed by the expansion affects

the pressure history close to the transition section. Me transmitted

pressures shown in Figure 6.1 are several diameters downstream of the

transition, where the peak has disappeared and the wave is again flat.

Shock tube experiments to date show that the ratio of input

pressue to transmitted pressure is dependent only on the Input pessue

ratio and the area ratio. The diameter of the sall and large ducts do

not affect the results provided that the area ratio is kept constant.
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T. SHOC WAVE FILLNG A CW=~ T=ffOUH 1VTM SYSTEMS

When a shock wave is applied to a tunnel system, the resulting

wave action within the system will depend on the geometry of the system.

In general, a shock wave will initiate a transient or non-steady process

which consists of the primary shock front followed by compression waves,

rarefaction waves and shock fronts reflecting from open and closed

tunnel ends. During the passage of these transient waves, the pressure

throughout the system gradually increases as a result of flow into chamber

volmes. This flow is called quasi-steady because it tends to conform

to steady flow theory.

A good example of the non-steady process is seen in the idealized

pressure-time curve, Figure 7.1, taken from a gage located part way

down a straight tunnel, closed at one end and exposed to a step shock

at the other end. The curve shows a series of six distinguishable

pressure levels; the last four indicated as 3, 4, 5, and 6 on Figure 7.1

will recycle with decaying amplitude. If a chamber is added to this

tunnel system, the relatively high frequencies represented in the

transient waves will be attenuated due to absorption by the chamber.

The absorbing quality of a chamber will depend on how much of the initial

shock is taken from the tunnel system and not returned by the chamber.

For example, a small chamber at the end of a tunnel will take all of the

initial shock, but will return, in the way of reflection, some of it to

the tunnel system. However, a large chamber will take all of the initial

shock and reflect but a small portion. A chamber located part way up a

tunnel and connected to the side wall of the tunnel with a short duct

will take only part of the initial shock front and allow the rest to
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TIME

1. The primary shock passes into the tunnel
increasing the pressure.

2. A reflection of the primary shock from the
closed end moves back up the tunnel to the
open end, again increasing the pressure.

3. The reflected pressure is relieved at the
open end by a rarefaction wave which moves
back into the tunnel and reduces the pressure.

4. Reflection of this rarefaction at the closed end,
result in a stronger rarefaction again lowering
the pressure.

5. When this low pressure reaches the open end, a
compressional wave is allowed to enter the tunnel
and move toward the closed end and increase the
pressure again. This compressional wave may
develop a shock front as it moves down the tunnel.

6. A reflection of this compressional wave at the
closed end results in a stronger compressional
wave moving toward the open end.

FIG. 7.1-CYCLIC NATURE OF A SHOCK WAVE IN A
CLOSED END TUNNEL.
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continue in the nwin tanne1. In this came, the ratio of the volne

of the cbmerb to the cross-sectiona eares of the tunel vil deterihe

dhether or not sm of the vwe entering the chsaber is retrned to the

tunnel.
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7.1 The Pressure-Time History in a Chamber

,7.1.1 Th. Chamber Geomer

When a shock wave is applied to the entrance of a

cher hich has roughly cubical dimensions, and the entrance area to

the chamber is small compred to the volume of the chamber imdiately

behind the entrance, the chamber will fill to a aximum pressure in a

time that is a function of the chamer geometry, volume, entrance area,

and applied pressure. The shape of this pressure time curve will be

treated in the next section.
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7.1.2 Construction of the Fl-Time Curve

Figure 7.2 show a curve of an experimntally determined

quantity C versus (P. - P4). This curve y be used to predict the

pressure-time history in a chamber but only for those applied pressure

uaves hose overpressure is less than 150 psi.

Figure 7.3 show a layout of a possible tunnel chamber

configuration to which the method described can be applied.

The following steps should be taken in order to make a

prediction of the pressure-time history within a chamber.

1. A typical pressure-time record of the applied wave

ust be obtained. This may be observed either from actual records of

previous firings or by assuming the pressure and wave shape. This applied

wave should be plotted on a pressure-time coordinate axis as done in

Figwe 7..

2. Specific values of overpressure should be read from

this curve corresponding to selected values of time. In order for the

person unaccustomed to working with this method to be successful, it is

suggested that some twenty to forty time values be selected along the time

axis. Also, for ease of calculation, it is suggested that these times be

so selected as to give equal time intervals.

3. Take the value of P read for t - 0. From this value

of P subtract the value of P4 also for t - 0. It might be noted at

this point that for t - 0, P4 - 0, however for any value of t >' O P4

ill be greater than 0.

4. Using this value of (Ps - P4) determine from Figure

7.2 the value of C for t - 0.
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5. Substitute the values of C, V, and A into the equa-

t x Zt- where V is the volume of the chamber to be filled,

A the area of the entrance to the chamber through which the filling

takes place and At is the time in seconds between the value of t - 0

and the nezt value of t chosen in step 2. Solve the equation for 4P.

6. Add AP4 to the overpressure in the chaber at the

beginning of the time interval. Note that the overpressure in the

chamber at time t - 0 is zero. This sunmtion of P4 + & will be the

value of Ph used in the second time interval.

7. On a convenient pressure-time axis, plot the obtained

values of P4 against the values of t in seconds at the end of the time

interval. Draw a straight line connecting the preceding point and the one

thus plotted. In the case of the first time interval, the straight line

will be constructed between the origin and the first calculated point.

8. Determine the value of (Ps - PO for the second time

interval. This is done by reading the value of P corresponding to the

second value of time selected and subtracting from this the value of P4

in step 6.

9. Again as in step 4, find the corresponding C and

solve the equation as in step 5.

10. Plot the second point and again connect this point

and the preceding one with a straight line.

This process should be repeated for all time intervals selected

in step 2. The resultant series of straight lines will give the

pressure-time history in the chamber.

7-8



Table 7.1 and Figure 7.5 give a tabulation of the tressure time

history and a plot of this history respectively. This tabulation and

curve result when the shock wave in Figure 7.4 enters a chamber of the

type shown in Figure 7.3 where the ratio of the volme of the chamber

to the area of the entrance is 100. It should be pointed out here that

vhen, in the course of the calculations, the value of (P5 - P4) becmes

negative, Figure 7., the curve of (Ps - P4 ) versus C may still be used.

However, when (Pa - P4) is negative it should be assuzd that both axes

of the curve aE negtive. Therefore a negative (P. - Ph) will give

rise to a negative C.
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able 7.1 Tbu1ation of a Pressure-Ti. History of a Cbaber

t, see. Pa, s PV _ _ ps~l - _4_ A

0 20.0 0 20.00 28.0 x 105  7.00

.025 19.2 7.00 12.20 22.3 5.58

.050 18.4 12.58 5.82 15.0 3.75

.OT5 17.6 16.33 1.27 5.0 1.25

.100 16.8 17.58 - .78 -3.0 - .75

.325 16.0 16.83 -.83 -3.0 -.75

.150 15.2 16.08 -. 88 -3.5 -. 88

.175 14.5 15.20 - .70 -2.5 -. 62

.200 13.8 14.58 -.78 -3.0 -. 75

.225 13.1 13.83 -.73 -2.5 -.62

.250 12.4 13.21 -.81 -3.0 -. 75

.275 n.8 L2.46 -.66 -2.5 -.62

.300 11.2 31.84 -. 64 -2.0 -. 50

.325 10.6 .1.34 -.74 -2.5 -.62

.350 9.9 10.72 -.82 -3.0 -. 75

.375 9. 9.97 -. 57 -2.0 -. 50

.400 8.8 9.47 -. 67 -2.5 -.62

.2 8.3 8.85 -. 55 -2.0 -.50

.450 7.7 8.35 -.65 -2.5 -. 62

•475 7.2 7.73 -.53 -2.0 -.50

.500 6.7 7.23 -.53 -2.0 -.50

.525 6.2 6.73 -.53 -2.0 -.50

.550 5.7 6.23 -. 53 -2.0 -.50
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ale T.1 (Continued)

____c P. ps±i P4..,psi P - P4 A4

.575 5.2 5.73 -. 53 -2.0 x Jo5 -. 50

.600 4.8 5.23 -. 43 -1.0 -. 25

.625 4.4 4.98 -. 58 -2.0 -. 50

.65o 3.9 4.48 -. 58 -2.0 -. 50

.675 3.5 3.98 -. 48 -1.5 -. 38
.70 3.1 3.60 -. 50 -1.5 -. 38
.725 2.7 3.22 -. 52 -2.0 -. 50

750 2.3 2.T2 -. 42 -1.0 -. 25

5775 2.0 2.47 -. 47 -1.5 -. 38
.80o 1.6 2.09 -. 49 -1.5 -. 38
.825 1.4 1.T -. 31 -0.8 -. 20

.850 1.1 1.51 -. 40 -0.9 -. 22

.875 0.8 1.29 -. 49 -1.5 -. 38

.900 0.6 0.91 -. 31 -0.8 -. 20

.925 0.4 o.71 -. 31 -0.8 -. 20

.950 0.2 0.51 -. 31 -0.8 -. 20

•975 0.1 0.31 -. 21 -0.5 -.12

1.000 0 0.19 * 1
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7.2 Tunnel Configurations With Chambers

The problem of shock waves applied to tunnel systems which

lead to chambers has been studied with respect to the filling process

of the chamber. It is shown in the previous section that if the wave

shape at the entrance to the chamber is known, or can be predicted,

the fill time curve in the chambers can be established. The pressure

profile at the chamber entrance does not have to be the simple type

discussed in Section 7.1.2 but may be complex as shown in Figure 7.1.

Figure 7.6 shows 3 tunnel systems which may be representative

of existing designs. The single tunnel may be treated as a simple tunnel.

Some notes on the other configurations are given in the following sections.
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7.2.1 The Multiple Entrance

In general the effect on the filling of a chamber by more

than one tunnel will be similar to increasing the size of the one

tunnel thereby causing a proportional increase in the rate of filling

of the chber. If two or more tunnels lead to a single inlet, the

resulting fill rate will correspond to the enlarged entrance. It is

concluded that the total tunnel entrance area should be a minimum in

order to minimize the rate of pressure rise in the chamber.
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7.2.2 The Bypass Ftrance

The by-pass system, one that has a length of tunnel

beyond the entrance, has the effect of reducing the rate of pressure

rise in the cha er because it allows only pert of the entrance flow

to pass into the chamber. However, a by-pass should not be constructed

for this puwpose only., for the following reason.

For the by-pass to be effective it ust be comparable in

length to one-half the length of the shock wave entering the by-pass,

otherwise the reflected pressures from the end of the by-pass will be

applied to the chamber entrance. A study made of this length require-

ment shoved that the volume of such a tunnel length should approach

the volume of the chamber. If this tunnel volume is applied to the

chamber, creating a larger volume, then the new rate of pressure rise

in the chamber would be less than that created by the most efficient

by-pass system. If the volume of the by-pass were made equal to the

volume of the c ber and a simple configuration constructed with a

new volume equal to the sum of the two, the reduction in fill rate

of the larger chamber would be 25 percent greater than that accomplish-

ed by the chnmber and by-pass system.
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8. REFIWM PREAB M TMUENL

When a shock wave impinges on a reflecting wall or blast resistant door,

within a tunnel system, a reflected pressure is developed in the area of the

wall or door. This reflected pressure sustains itself until it is relieved

by a rarefaction from a low pressure area. The relief may come from another

tunnel or chamber not yet full or from the entrance to the tunnel. When a

shock wave is very long compared to the length of the tunnel, it is possible

to have the entire tunnel under reflected pressure loading. Figure 2.2 shows

the reflected pressure developed for corresponding values of applied pressure.
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8.1 The Short Tunnel

A tunnel will be considered short if it is less than 10 diameters long.

This limitation is established since experiments show that for distances less

than 10 diameters the new shock in the tunnel is not fully developed.
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8.1.1 The Short Tunnel Side-On

When a short tunnel is side-on to a blast, the resultant loading

on a wall or door in the short tunnel becomes very complex. Figure 9.la shows

a sketch of such a configuration. In an extremely short tunnel, the blind end 0

of the tunnel could be considered as the side wall of the tunnel. As this

length is increased a diffraction pattern is set up on the walls (marked A and B

in Figure 8.a) and reflected pressures are developed. The pressure of the first

reflection could be as high as the reflected pressure value for a shock wave in

the main tunnel. The possibility of multiple reflections yielding still higher

pressures exist. In addition to the reflections, stagnation pressure will be

sustained in the region of wall B. The disadvantages of short tunnels or alcoves

are therefore obvious. It should be mentioned however that the reflections that

occur on wall A will be of relatively short duration and hence may not damage a

door with a very long natural period of vibration.
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(a)

SHORT TUNNELS, SIDE-ON

(b)

// R s 000

0,// REGION OF INCIDENT SHOCK
OVERPRESSURE

110 REGION OF TRANSMITTED
10 SHOCK OVERPRESSURE

REGION OF REFLECTED
01// SHOCK OVERPRESSURE

FIG. 8.1 -SHORT TUNNELS SIDE-ON AND FACE-ON
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8.1.2 The Short Tunnel Face-On

A tunnel less than 10 diameters long and oriented face-on to the

blast is considered short. Consider such a tunnel to have a large reflecting

area about the tunnel entrance. In the limiting case, the tunnel will have no

depth and the maximum pressure will be the pressure on the reflector (see Figure

8.1b). As the depth of the tunnel is increased the pressure in the tunnel in-

creases in the reflected pressure. At a distance of 10 diameters in the tunnel

the pressures will maximize. The maximum pressure on a reflecting wall is

plotted in Figure 8.2 as a function of the applied pressure.
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8.2 The Long Tunnel

The long, face-on, tunnel having a totally reflecting door or wall

will sustain the reflected pressure plotted in Figure 8.2 if the blast wave

did not attenuate. Under practical conditions the shock wave will not be

infinitely long nor will the tunnel wall be smooth. Therefore, after the

shock maximization the blast wave in the tunnel will begin to decay and the

reflected pressure will be that associated with the new pressure value. For

design purposes it would be wise to consider that the decay does not begin

until the shock is 10 or more diameters down the tunnel. Blast wave attenua-

tion is discussed in Chapter 5.
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8.3 Comparison of Reflected Pressures

Figure 8.3 shows plots of the reflected pressures developed in tunnels

for three entrance conditions. The pressures are those that would be developed

on reflecting walls or doors positioned at the shock maximization distances. The

advantages of the side-on orientation is obvious.
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9. BIAST ARRIVAL TIMS IN TUNNELS

9.1 Shock Front Arrival Time

Figure 2.1 is a plot of shock velocity as a function of shock over-

pressure and can be used for determining the blast arrival time in tunnels.

In approximating the arrival time between two stations in a straight

uniform section of tunnel, the pressure is first predicted for the points under

consideration, and the velocity of the wave at these points can be determined

from Figure 2.1. The average velocity for the two points can be considered the

velocity over the distance involved.
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9.2 Time Interval Between Incident and Reflected Shock Waves in a

Closed Tunnel

When a shock wave traveling down a tunnel reflects on a closed end

of the tunnel, a reflected shock front is created and moves back into the original

shock, causing a considerable increase in pressure. Section 3 of this report

presents curves for determining maximum pressures in tunnels. In the event that

certain of the tunnels have closed ends the pressures predicted (Section 3) are

only the first shock pressures received. A second pressure, the reflected pressure

will appear at a point in the tunnel at a time interval which is a function of bhe

shock pressure, the ambient sound velocity, and the distance from the closed end

to the point in question. The time required for a shock to pass a point in such

a tunnel and for the reflection to return from the closed end is shown in Figure

9.1 for four different pressure levels.

The equations from which these curves are obtained &re.

U U

6/ 6p 1/2
t +-)

X + 71 s) 1

a ++7 (-)-7 5

where X is the distance from the point in the tunnel to the closed end.

The equations em valid where loses, due to decay, in the distances are

considered negligible and where the wave form is nearly constant over the times

involved.
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